The Sivers effect in single hadron semi-inclusive deep inelastic scattering (DIS) on a transversely polarized nucleon describes the modulation of the cross-section with the sine of the azimuthal angle between the produced hadron's transverse momentum and the nucleon spin (P h and ϕS respectively). This effect is attributed to the so-called Sivers parton distribution function of the nucleon. We employ a simple phenomenological parton model to derive the relevant cross-section for two hadron production in semi-inclusive deep inelastic scattering including the Sivers effect. We show that Sivers effect can be observed in such process as sine modulations involving the azimuthal angles ϕT and ϕR of both the total and the relative transverse momenta of the hadron pair. The existence of the modulation with respect to ϕR is new. Finally, we employ a modified version of the LEPTO Monte Carlo event generator that includes the Sivers effect to estimate the size of single spin asymmetries corresponding to these modulations. We show that sin(ϕR − ϕS) modulations can be significant, especially if we impose asymmetric cuts on the momenta of the hadrons in the pairs.
The exploration of the structure of the nucleon is one of the most important issues in medium energy nuclear physics. Experiments such as those at JLab, HERMES, COMPASS and the upcoming JLab12 and EIC programs are exploring the three dimensional distribution of the parton's momentum and spin inside the nucleon. One of the exciting phenomena to be investigated here is the socalled Sivers effect [1] , describing the correlation of the transverse momentum of the unpolarized partons with the transverse spin of the nucleon, which is quantified by the Sivers parton distribution function (PDF). The Sivers PDF can be accessed in both Drell-Yan leptoproduction and the lepton-nucleon semi-inclusive deep inelastic scattering (SIDIS) process with a transversely polarized target and a single detected hadron [2] . In SIDIS, the Sivers function can be accessed by measuring the single spin asymmetry (SSA) modulated with respect to the sine of the difference of the azimuthal angle of the produced hadron and the nucleon's transverse spin vector [3] . Here the SSA is a ratio of a convolution of the Sivers PDF with the unpolarized fragmentation function (FF) to that of the unpolarized PDF and FF. These asymmetries have been measured in HERMES [4] , COMPASS [5] and, JLab HALL A [6] experiments.
In this letter we propose a new approach for measuring the Sivers function in the SIDIS process involving a transversely polarized target and two detected hadrons. We calculate the cross-section of such a process by assuming simple parton-model inspired functional forms for both the unpolarized and Sivers PDFs, as well as the unpolarized dihadron FF (DiFF). Our results show that the relevant terms of the cross-section involving the Sivers PDF do not vanish. There are two corresponding SSAs, one with respect to the sin(ϕ R − ϕ S ), and another with respect to the sin(ϕ T − ϕ S ). Finally, we use the LEPTO Monte Carlo (MC) event generator [7] , modified to include the Sivers effect [8, 9] , to show that such modulations are indeed generated in SIDIS in the kinematical region of COMPASS experiment. In contrast, the leading twist expression for the cross-section of the two-hadron SIDIS presented in Ref. [10] contains only sin(ϕ T − ϕ S ) modulation term. The sin(ϕ R − ϕ S ) modulation term is absent there, as well as in the subleading twist expression of Ref. [11] for the same cross-section, when integrated over the total transverse momentum of the pair. The Sivers effect in two hadron production. -Let's consider the process of two hadron electroproduction in SIDIS, depicted schematically in Fig. 1 (
Here the lepton with momentum l scatters off a nucleon with momentum P N and spin S, and the scattered lepton with momentum l and two hadrons with momenta P 1 and P 2 are detected in the final state. We adopt the γ * P N center of mass frame, where the virtual photon and the proton collide along the z axis with momenta q and −P N respectively, and the leptonic plane (defined by l and l ) coincides with the x-z plane. The conventional SIDIS variables are defined as
The Sivers effect arises because of the correlation between the active quark transverse momentum, k T , and the transverse polarization of the nucleon, S T . The scalar quantity describing this correlation can be written aŝ
, witĥ P N standing for unit vector in the direction of P N and subscript 3 denotes the z-component of the vector in the γ * p c.m. frame. The quark TMD distribution in the polarized nucleon can be expressed as
The factorization theorem tells us that the crosssection for the process in Eq. (1) involves the same PDFs as for single hadron production, but instead of the quark single hadron FF, now a two hadron fragmentation func-
, is involved (see Fig. 1 ). Note, that in this case the FFs depend on the light-cone momentum fractions of the hadrons, z 1 and z 2 , as well as their transverse momenta with respect to the fragmenting quark's momentum, p 1⊥ and p 2⊥ (and Q 2 ). Keeping only the terms relevant for Sivers effect, the cross-section for the process Eq. (1) can be expressed as
where C(x, Q 2 ) is a kinematic factor. P 1T and P 2T are the transverse momenta of the produced hadrons with respect to the z axis. Here we employ the leading order approximations p 1⊥ ≈ P 1T − z 1 k T and p 2⊥ ≈ P 2T − z 2 k T . Using rotational and parity invariance, it is easy to show that for the most general transverse momentum dependence of the Sivers function and DiFF, the spin dependent part of the cross-section contains two "Siverslike" azimuthal modulations:
where ϕ 1 and ϕ 2 are the azimuthal angles of the first and second hadron and σ S , σ 1 and σ 2 depend on x, Q 2 , z 1 , z 2 , P 1T , P 2T , P 1T · P 1T . In general, all three structure functions σ U , σ 1 and σ 2 depend on cos(ϕ 1 −ϕ 2 ), and a rather strong (back-to-back) correlation between the transverse momenta of the hadrons was observed in the process under consideration for an unpolarized target [12] . Thus we have three types of azimuthal correlations: ϕ 1 − ϕ 2 , ϕ 1 − ϕ S and ϕ 2 − ϕ S . The dependence of the cross-section arising from the Sivers effect on the last two correlations is explicitly known from general principles.
In this letter we adopt the common, simplifying assumption for both the parton densities and the fragmentation functions of the usual factorization between the intrinsic transverse momentum and the energy fraction dependence, with a Gaussian transverse momentum dependence, that is:
Here
T is the mean value of the intrinsic transverse momentum of quark in the nucleon. For the Sivers function we adopt the parameterization of Ref.
Further, we adopt a simple parametric form for the unpolarized DiFF:
where the term c p 1⊥ · p 2⊥ takes into account the transverse momenta correlation in fragmentation. Note that the parameters µ 2 1 , µ 2 2 and a in general can depend on the flavor of the fragmenting quark q, the type of the produced hadrons, and the kinematic variables Q 2 , z 1 and z 2 [13] .
With this choice of DiFF, the integration over intrinsic transverse momentum in Eq. (4) can be performed explicitly
where the explicit expressions for the C h1h2 i
terms will be presented in our forthcoming article [14] .
In the recent studies of two hadron production, another choice of independent transverse momentum variables are often used [10] : the total transverse momentum of the hadron pair, P T = P 1T + P 2T , and the half of the relative transverse momentum of the two hadrons, R = (P 1T − P 2T ) /2, with corresponding azimuthal angles ϕ T and ϕ R . It is easy to see that the modulations in terms of azimuthal angles of each hadron are related to the modulation in terms of ϕ T and ϕ R :
where σ T = 1 2 (σ 1 + σ 2 ), σ R = σ 1 − σ 2 , and we omitted the dependence of the cross-section on the rest of the variables for brevity. Here, the structure functions σ U , σ T and σ R depend on x, Q 2 , z 1 , z 2 , P T , R and P T · R = P T R cos(ϕ T − ϕ R ). The explicit expressions for these functions will be presented in our forthcoming publication [14] . Nevertheless, we note that in general σ R = 0. This can be ensured, for example, by choosing asymmetric cuts on the minimum values of z 1 and z 2 .
It is interesting to consider Eq. (10) after integrating over the azimuthal angle of the relative or total transverse momentum, respectively:
where σ i U , σ i T and σ i R are the zeroth (i = 0) and the first (i = 1) harmonics of the cos(ϕ 1 − ϕ 2 ) expansions of the corresponding structure functions. Again, it will be shown in Ref. [14] , that in general the Sivers effect is nonzero in Eqs. (11, 12) .
Modified LEPTO (mLEPTO) including the Sivers effect at leading order. -The LEPTO unpolarized event generator [7] is an invaluable tool for studying both inclusive and semi-inclusive DIS reactions. However, in the leading order of QCD, this (and any other) generator does not simulate the experimentally observed azimuthal asymmetries for hadron production on both unpolarized and polarized targets. We have modified the LEPTO code (mLEPTO) to include both Cahn and Sivers azimuthal modulations of the transverse momentum of the active quark before hard scattering and hadronization [8, 9] . We employ mLEPTO in this work to first describe the SSAs for the Sivers effect in the single hadron SIDIS process as a validation of the event generator. Then, we use it to study the Sivers effect induced SSAs in twohadron SIDIS, which is the focus of this letter. We note, that the hadronization in the Lund model, implemented in LEPTO , is different from the independent FFs of parton model factorization theorem. Nevertheless, these two approaches produce similar results for the current fragmentation region of COMPASS kinematics [15] . We generated 10 10 DIS events in mLPETO using the kinematics of the COMPASS experiment [5] : the energy of scattering muons E µ = 160 GeV, Q 2 > 1 GeV 2 , 0.1 < y < 0.9, 0.03 < x < 0.7, W > 5 GeV. This will allow us to directly compare our results for single hadron SSAs with the measurements of Ref. [5] . For the Sivers function we use the functional form of Eq. (7), with the parameters taken from Ref. [3] , and slightly adjusted (within their uncertainties) to best reproduce the single hadron SSA measurements.
The plots in Fig. 2 the dependence of the single hadron SIDIS SSAs on: (a) the light-cone momentum fraction of the quark x, (b) the produced hadrons' light-cone momentum fraction z, and (c) the transverse momentum P T , for both positively and negatively charged hadrons. Here we imposed kinematic cuts similar to those used by the COMPASS collaboration [5] : P T > 0.1 GeV and z > 0.2. Also depicted in Fig. 2 are the COMPASS results of Ref. [5] . We see that mLEPTO reproduces the experimental data well. Fig. 3 depicts our predictions for the dependence of the Sivers SSAs in two oppositely charged hadron h + h − production in SIDIS (the first hadron is taken as h + and the second as h − ) on the quark x in (a) and the total light-cone momentum fraction of the pair z = z 1 + z 2 in (b). Here the following kinematic cuts have been imposed P 1(2)T > 0.1 GeV, z 1(2) > 0.1. In addition, the bands labeled "Cut" depict the results with additional cuts on the momentum of the positively charged hadron: z 1 > 0.3 and P T 1 > 0.3 GeV. These asymmetric cuts significantly enhance the SSAs in all the channels presented.
Conclusions. -In this letter we demonstrated for the first time that the Sivers function can be accessed experimentally in two hadron semi-inclusive production in lepton-nucleon DIS. We used a simple parametrization of the relevant PDFs and DiFFs to show that the SSAs corresponding to both sin(ϕ R − ϕ S ) and sin(ϕ T − ϕ S ) modulations are non-vanishing, especially when one imposes asymmetric cuts on the momenta of the hadrons in the pair. We used the mLEPTO event generator to first describe COMPASS collaboration measurements of the x, z and P T dependence of the SSAs for the Sivers effect in single hadron SIDIS. Then, we used the same kinematics in mLEPTO to calculate for the first time predictions for the two-hadron SSAs depending on x and z. We found that these SSAs are non-zero even with symmetric cuts on the transverse momenta of the hadron pair. Further, we showed that asymmetric cuts enhance the SSAs in all channels. The experimental measurement of these SSAs in two-hadron SIDIS would add a valuable input for extracting the Sivers PDFs, alongside the SSAs from single hadron SIDIS and Drell-Yan measurements. Detailed derivations of the expressions for the cross-sections presented here, as well as predictions for various kinematical regions and like charged hadron pairs, will be presented in our forthcoming article [14] .
